This paper proposed a multi-objective genetic algorithm (MOGA) based approach for determining the steady-state performance characteristics of three-phase self-excited induction generators (SEIGs) operating in parallel and supplying an unbalanced load. The symmetrical component theory is used for the transformation of a complex three-phase generatorscapacitances-load system to a simple equivalent circuit. The MOGA has been employed for the determination of unknown variables by minimizing the impedance module of the equivalent circuit. Using this approach, effects of various parameters on the terminal voltage control characteristics are examined for two parallel SEIGs with C2C connection under a single phase load.
The application of induction generators follows the development of distributed generation systems [1] . Advantages of induction generators in regard to widely applied synchronous generators are a lower unit cost, brush-less cage-rotor construction, absence of a separate dc source, good over-speed capability, better transient performances and inherent overload protection. The inability of a direct regulation of reactive power is a disadvantage of induction generators.
An induction generator can operate in parallel with the distribution network, when its rotor speed is greater than the synchronous speed of the air-gap revolving field. Better utilization of renewable energy may be achieved by developing small-scale autonomous power systems like wind and mini hydro power plants, which use the SEIGs [2] . Likewise, it is well known that if an appropriate capacitor bank is connected across an externally driven induction machine, an EMF is induced in the machine windings due to the excitation provided by the capacitor. The induced voltage and current would continue to rise, until the var supplied by the capacitor is balanced by the var demanded by the machine. This results in an equilibrium state being reached and the machine now operates as an SEIG at a voltage and frequency assigned by the value of the capacitance, speed of the prime mover, parameters of the machine and the load.
A huge number of journal publications has so far been dedicated to the steady-state analysis of an isolated threephase SEIG with three-phase balanced load [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The performance of a SEIG is usually determined through its equivalent circuit. An overwhelming majority of the aforementioned researchers used either the loop impedance approach, or the nodal admittance approach in analyzing the circuit. Irrespective of the representation manner, the analysis of three-phase SEIG requires a computation of the generated frequency (F ) and magnetizing reactance (X m ) for the given operating conditions. Knowing the values of X m and F , the steady-state performance of the SEIG can easily be determined through their equivalent circuit in conjunction with appropriate magnetization characteristic.
Unbalanced operation of a three-phase SEIG may be caused by manufacturing tolerances of excitation capaci- tances, failure of some excitation capacitance modules or disconnection of loads by consumers [15] . The small-scale autonomous power system with a three-phase SEIG often supplies many single-phase loads, leading to a significant degree of load unbalance. In addition, such autonomous power systems usually employ single-phase distribution schemes due to a low cost, easy maintenance and simplicity in terms of protection. The steady-state analysis of three-phase SEIG with unbalanced loads and excitation capacitances is well documented [15] [16] [17] [18] [19] [20] . In order to utilize the full potential of the hydro and wind energy source, a number of SEIGs are required to be operated in parallel. For parallel operation of SEIGs there was only a simplified model described in [21] and steadystate analysis in references [22] [23] [24] [25] [26] . These papers are focused on three-phase SEIGs with balanced excitation capacitances and loads. However, in practice, the conditions for symmetrical and balanced operation of three-phase SEIGs are often not achieved.
The steady-state analysis and performance characteristics of parallel operated three-phase SEIGs with unbalanced load conditions are not reported in literature. The aim of this paper is to contribute in this direction.
The key issue that needs to be solved at the parallel operated SEIGs is the voltage and frequency regulation. The voltage and frequency variables are nonlinearly dependent on the speeds, magnetizing reactances, excitation capacitances and loads. Any regulation strategy requires an efficient procedure for computing of the frequency and magnetizing reactances, that is, the steady-state condition of SEIGs.
In this paper, a MOGA-based optimization procedure is applied to the determination of the steady-state condition of any number parallel operated SEIGs feeding unbalanced load. The proposed approach enables practically all cases of unbalanced operation of the parallel SEIGs to be analyzed.
INDUCTION GENERATOR MODEL
If three-phase induction machines feed an unbalanced/asymmetrical external network, then a natural analysis mode is to resort the system to symmetrical components and rotating field concepts [2, 16] . Therefore, the induction generator is modeled with its positive and negative sequence circuits as it is shown in Fig. 1 In these circuits all parameters refer to the rated frequency, and it is assumed that all inductive reactances are proportional to the rated frequency; where F is the per-unit frequency -the ratio of the generated frequency to the rated frequency, and v i is the ratio of the actual rotor speed to the synchronous speed corresponding to the rated frequency of the i th machine. In these circuit models, it is also assumed that all parameters, except the magnetizing reactance X mi , are constant and independent of the saturation. The value of X mi depends on the core flux which in turn depends on the ratio of the air-gap voltage to the frequency. The variation of the positive-sequence air-gap voltage with magnetizing reactance X mi can be expressed by an appropriate equation based on the synchronous speed test data fitting.
According to Fig. 1 , the positive-sequence and negative-sequence impedances of the i th machine, that is, impedances Z pi and Z ni , are as follows
where F is the per-unit frequency, v i is the per-unit speed, R si is the stator resistance per phase in pu, R ri is the rotor resistance per phase referred to the stator in pu, X si is the stator reactance per phase in pu, X ri is the rotor reactance per phase referred to the stator in pu, and X mi is the magnetizing reactance per phase at the rated frequency.
STEADY STATE ANALYSIS
The circuit connection of N three-phase delta connected SEIGs feeding a three-phase unbalanced load are shown in Fig. 2 . Assigning appropriate values for the terminal impedances Z A , Z B and Z C , a specific unbalanced operating condition can be simulated.
The delta connection is deliberately selected herein due to the fact that zero-sequence quantities do not exist. However, the presented concept can easily be extended to the star connection with the isolated neutral point applying the star-delta transformation.
The circuit shown in Fig. 2 has no active voltage sources. Accordingly, the SEIG may be regarded as a passive circuit when viewed across any two stator terminals [15] . For convenience, A-phase is chosen as the reference and the input impedance of the SEIGs across terminals 1 and 3 in Fig. 2 will be considered. In this manner, the equivalent scheme shown in Fig. 2 can be transformed into a simple circuit given in Fig. 3 .
According to the marks given in Fig. 2 , the current and voltage balance equations may be written as follows
Based on the symmetrical component theory, the following equations are developed for the delta connected system
This follows from equations (3) and (4)
Substituting equations (6, 7) and (12) (13) (14) into (15, 16) , it is obtained that
From equations (17) and (18), it is obtained that
According with Fig. 3 , the phase voltage U A is
Finally, by substituting equations (9), (17) and (19) into equation (20) , for the parallel SEIGs input impedance it is obtained that
The positive-sequence and negative sequence admittances Y pi and Y pi , that is the complex coefficients A, B , C and D are functions of F and X mi . Therefore, the SEIGs input impedance may by expressed as
In accordance with Fig. 3 , the following voltage balance equation can be written
Where:
For a successful selfexcitation it is required that J ℓA = 0 , hence,
In order to ensure that all generators have the same terminal voltage (the common bus voltage), the following equations must be satisfied
According to Fig. 1(a) , the magnitude of the positive sequence stator current for machine i can be related to the machine magnetizing reactance X mi , provided the relationship between the forward field air-gap voltage Generally, the variation of Epi F with X mi over the practical region of operation can be approximated by linear segments with expressions of the type
Therefore, equations (26) can be expressed as
where Z pmri is the total positive-sequence impedance of the magnetizing and rotor circuit of the i th machine. In accordance with Fig. 1 
(a) it is
Z pmri = jX mi Rri F −vi + jX ri jX mi + Rri F −vi + jX ri .
METHOD OF SOLUTION
If the self-excitation requirement (25) and voltagebalance equation (28) are treated as criterion functions and the frequency, magnetizing reactance, excitation capacitance and speed as control variables within the specified limits, then the multi-objective optimization procedure can be applied for the determination of the steadystate condition of three-phase SEIGs operating in parallel.
Objective functions
The equation (25) can be expressed as
The system of equations (28) is equivalent with following expression
The control of the common bus voltage can be achieved by changing in the excitation capacitances as well as changing rotor speeds of SEIGs. By controlling the voltage level one attain the voltage on the common bus of the SEIGs, that is, on the load which has the value equal to a previously specified one. This condition can be expressed with the objective function in the form
where: V spec -specified voltage, V t -common bus voltage (V t = |U A |). Depending on the specific problem, a multi-objective function whose minimization leads to the determination of unknown variables at steady-state condition is created. The unknown variables, that is, optimization parameters can be magnetizing reactances (X mi ), frequency (F ), excitation capacitance (C ) and rotor speeds (v i ).
Multi-objective optimization
A general multi-objective optimization problem (MOP) can be defined as follows [27] [28] [29] [30] 
. . , x n ] are the n optimization parameters, and S ∈ R n is the solution or parameter space.
For MOP, the optimal solution can be defined as the solution that is not dominated by any other solution in the search space. Such an optimal solution is called Pareto-optimal.
Pareto-optimal solution: x * is said to be a Paretooptimal solution of MOP if there exists no other feasible
In solving an MOP, two conceptually distinct types of problem difficulty can be identified: search and decisionmaking. The first aspect refers to the optimization process in which the feasible set is sampled for Paretooptimal solutions. The second aspect addresses the problem of selecting a suitable compromise solution from the Pareto-optimal set. A human decision maker is necessary to make the trade-offs between conflicting objectives. There are different ways to approach a MOP such as evolutionary algorithms. Evolutionary algorithms seem particularly suitable to solve MOP, because they deal simultaneously with a set of possible solutions (the so-called population). This allows finding several members of the Pareto-optimal set in a single run of the algorithm. The most local search method in MOP is GA. It has been proven that MOGA is intelligent optimization algorithm able to balance the trade-offs between conflicting objectives.
The classical optimisation methods start from a single possible initial solution and they reach the optimum by applying the heuristic rules iteratively. The MOGA starts from the population, which is a group of individuals. Each individual represents a potential solution of the optimization problem. The individuals are presented in the same way, usually through a column or a string of data. The quality of each solution or individual is determined based on the fitness function values. Through a series of MOGA operations a new population is obtained and its individuals are engendered by the individuals from the previous population according to the natural evolution principles: the choice of parents, crossover and mutation. Basic operations of the MOGA are: 1. Representation of individuals: All data (variables) that make an individual are written in a string. A string is composed of substrings. Each substring represents a binary encoded variable on which the process of optimisation is carried out. The number of substrings, therefore the size of a string, depends on the number of variables that are optimized. 2. Initialization: individuals with random strings are generated that set up the initial population. 3. Fitness function calculation: It is used to rate the quality of an individual and it represents an equivalent of the function that should be optimised, that is, objective function. The evaluation of the function is performed by the MATLAB program based on the mathematical model that is presented in sections 2 and 3. 4. Selection: During the selection process the individuals that will participate in the reproduction (parents) are selected. The point of the selection is to store and transfer good individuals to the next generation. 5. Crossover: Crossover is an exchange process of column parts between two individuals, that is, "parents". One or two new individuals engender by the crossover, that is, a "child". The possibility of inheriting the first parent's characteristics by a child is introduced during this process. 6. Mutation: Mutation is a way to give a new piece of information to an individual. Mutation represents an accidental bit variation of an individual, generally with a constant probability for each bit within a population. The mutation probability can further vary depending on the size of the population, application and preferences of the explorer. A fixed value which is often kept during the whole genetic algorithm is used for each generation. 7. Ending conditions: The process of finding the optimal solution is an iterative process which ends when a maximum number of generations is achieved or when another criterion is fulfilled, such as a minimum offset from the best fitness value and medium fitness value of all individuals in a current population. If end conditions are fulfilled, the best individual thus obtained is the semioptimal solution in question. Otherwise, return to 3. In this paper, the MATLAB realization of the MOGA is applied. The MOGA parameters implemented in this paper are shown in Table 1 .
Minimization of the above-formulated objective functions using the MOGA yield a set of Pareto-optimal solutions. For practical applications, it is need to select one solution. In this paper a simple principle is applied, that is, from the set of Pareto-optimal solutions should be choosing one that meets the following criteria
Performance equations
The MOGA enables a simultaneous computation of the unknown values of X mi and F . Having thus determined the X mi and F , the next step is to determine the normalised air-gap voltage Epi F according to value of X mi based on the relevant magnetizing characteristic for all induction machines. Because the phase angles of the normalised air-gap voltages are not known, it can be supposed that the angle of the SEIG with index 1 is equal to zero. Knowing the air-gap voltage E p1 = E p1 ∠0
• , in accordance with Fig. 1(a) , the positive-sequence current of the SEIG can be computed as
Now, the positive-sequence voltage is
When U p is calculated, the positive-sequence currents of the other SEIGs can be determined, The phase angles of the normalised air-gap voltages of the other SEIGs:
(36) The negative-sequence voltage U n can be determined by Equation (19) and the negative-sequence currents in accordance with Fig. 1 (b) by equation 
Finally, the terminal voltages and stator currents of the SEIGs can be calculated by Eqs. (9-11) and (12) (13) (14) , respectively; and the line currents by Eqs. (5-7)
The output power (P Geni ) and the input power (P Inpi ) of the i th SEIG is
and reactive power requirement
RESULTS AND DISCUSSIONS
The proposed procedure is tested on two three-phase, 380 V (line), four pole, delta connected, 1 kW induction machines. Namely, a wound rotor machine (WRM) and a squireel cage machine (SCM). The per-unit measured parameters of the two machines are given in the Table 2 [22].
The measured per-unit variations of the air-gap voltages |E p |/F based on a 220 V with X m for the two machines approximated as follows over the practical range of interest.
For the WRM
For the SCM
Basic approach
For known values of the excitation capacitances C A , C B , C C , the load impedances Z LA , Z LB , Z LC , the SEIGs speeds v 1 , v 2 , . . . , v N and machines parameters, unknown values of the magnetizing reactance's X m1 , X m2 , . . . , X mN and frequency (F ) can be determined by minimizing the following objective function
The steady-state analysis results of parallel operated SEIGs for the different connections of balanced/unbalanced resistive loads and excitation capacitances are presented in Tables 3-5 . It is considered that the SEIGs have equal and constant speeds of 1.0 pu.
As shown in Table 5 , WRM output power is less than the output of SCM. This is due to the rotor impedance ratio of the SEIGs. On the other hand, the reactive power of the WRM is significantly higher than the reactive power of the SCM due to smaller value of the magnetizing reactance. The result of it is that the phase current of the WRM is significantly higher than the phase current of the SCM, as can be seen in Table 4 . This clearly shows the importance of the parameters of the individual SEIGs in parallel operation.
The poor generator performance, such as phase imbalance and poor efficiency, will result when single-phase loads are supplied by three-phase SEIGs (cases 6 and 7). This disadvantage are overcome to a large extent by the use of the C2C connection (case 8).
This approach has been applied for C2C connection. Fig. 4 shows the variation of excitation capacitance C required to maintain the constant terminal voltage of V t = 1 pu with the change in the resistive load P L at the constant generators speeds v for the C2C connection. The excitation capacitance has to vary continuously in order to keep the terminal voltage at a constant value. From this figure, it is clear that C increases with P L . For fixed values of V t and P L , C increases as v is decreased. Table 4 . Phase voltage, voltage unbalance factor and currents for the circuit configurations listed in Table 3 Case Table 5 . Output powers and efficiency for the circuit configurations listed in Table 3 Case Power load PGen (pu) Efficiency Qi (pu) PL ( The variations of frequency F and output powers of generators P Gen , with load P L at the corresponding values of the excitation capacitance are shown in Fig. 5 . With an increase in load, the frequency is decreases. The range of change in frequency is approximately the same for all three speeds. The power load must be equal to the sum of output powers of parallel operated SEIGs. Figure 5 clearly shows that the power output of SCM generator is greater than the output power of WRM generator, although they have the same rated power. For fixed values of Vt and PL, the ratio of the output powers is increases as v is decreased. Figure 6 shows the variation of the voltage unbalanced factor V U F with load P L . For fixed values of v = 0.9 pu and v = 1.0 pu, V U F decreases as P L increases. For generators speed of v = 1.1 pu, V U F decreases as P L increases from 0 to 0.8 pu, and V U F increases as P L increases from 0.8 to 1.2 pu Generaly, for fixed values of V t and P L , V U F decreases as v is increased. The minimum values of V U F depends on the speed. With increasing speed, the minimum of V U F moves to the left (toward smaller P L ).
Controlling terminal voltage by excitation capacitance
It is well known that the voltage control of the SEIG can be achieved by a change in the excitation capacitance for constant values of the speeds and load impedances. In this case the multi-objective function can be expressed as
Controlling terminal voltage by SEIGs speeds
For a fixed value of C , it may be possible to achieve a certain degree of voltage regulation by varying the speed of one or more machines [21] . In this situation, two cases can be analyzed: i) all SEIGs have common but variable speeds, and ii) the speed of only one SEIG is varied while keeping the speeds of the remaining (N − 1)SEIGs fixed. There can also be used multi-objective function
(i) C2C connection, both SEIGs have common but variable speeds Figure 7 shows the variation of SEIGs speeds v required to maintain the constant terminal voltage of V t = 1 pu with the change in the resistive load P L at the constant excitation capacitance C . The SEIGs speeds has to vary continuously in order to keep the terminal voltage at a constant value. From this figure, it is clear that v increases as P L increases. For fixed values of V t and P L , v decreases as C is increased. The variations of frequency F and output powers of generators P Gen , with load P L at the corresponding values of the generators speeds v are shown in Fig. 8 .
With an increase in load, the frequency is increases. The range of change in frequency is approximately the same for all three excitation capacitances. As shown in Fig. 8 the power output of SCM generator is higher than the output power of WRM generator. The ratio of output powers SCM/WRM decreases as P L increases. For fixed values of V t and P L , the ratio of the output powers increases as C is increased.
The effect of C on the V U F under voltage control by v is shown in Fig. 9 . For fixed values of C = 50 µF and C = 70 µF, V U F is decreases as P L increases. For C = 100 µF, V U F decreases as P L increases from 0 to 0.8 pu, and V U F increases as P L increases from 0.8 to 1.2 pu Generally, for fixed values of V t and P L , V U F (ii) C2C connection, v SCM is variable and v W RM is kept constant
For the C2C connection SEIGs parallel system of an SCM and a WRM, voltage control by the speed of SCM is illustrated in Figs. 10-13 . Based on these results it is clear that voltage control by the speed of only one machine is generally possible, but very limited. Figure 10 shows the variation of the speed of the SCM (v SCM ) required to maintain the constant terminal voltage of V t = 1 pu with the change in the resistive load P L at the constant excitation capacitance C and the constant speed of the WRM (v W RM ). The v SCM has to vary continuously in order to keep the V t at a constant value. From this figure, it is clear that the v SCM control characteristics largely depends on values of P L , C and v W RM . Generally, the control characteristics improves as v W RM and C is increased. However, as can be seen from Figs. 13(a,b) , the WRM output power is negative in over range of P L , which means that the WRM operate as motor. For v W RM = 1.1 pu, as shown in Fig. 13(c) , the SCM operate as motor or generator depending on P L and C . For fixed value of P L the operating mode of SCM greatly depends upon the C . In addition to the value of P L , C and v W RM , the control caracteristics is highly dependent on the SEIGs parameters.
CONCLUSIONS
A multi objective genetic algorithm-based approach to evaluation the steady-state performance of three-phase SEIGs operated in parallel under unbalanced and singlephase load conditions is presented. The complex threephase induction generators-excitation capacitance-load system is transformed to a simple equivalent circuit by using the symmetrical component theory. The MOGA has been applied to the computation of the unknowns by minimizing the multi-objective function which includes the self-excitation requirement, voltage balance for parallel operation and common bus voltage control criterion. Application of the MOGA gives great freedom in the choice of objective function and control variables in the analysis of the parallel operated SEIGs.
The voltage control of the parallel operated SEIG feeding an unbalanced load has been investigated as well. The methodology for voltage control has been implemented for C2C connection under single-phase load. From this results it is clear that the voltage control can be achieve by varying the excitation capacitance or by varying the common speeds of the SEIGs. The voltage control by varying the speed of only one SEIG is generally possible, but very limited. In addition to the excitation capacitance and speeds of the SEIGs, the voltage control characteristics is highly dependent on the induction machine parameters.
The proposed approach enables practically all cases of unbalanced operation of the parallel SEIGs to be analyzed. The methodology proposed in this paper can be exploited in planning and development of power generation in autonomous small-scale power plant with the SEIGs.
